When used to measure blood flow, water leaves a residue in the vascular bed, which may contribute to the cal culation of increased blood t10w during functional activation of brain tissue. To assess the magnitude of this contribution with the two-compartment positron emission tomography (PET) method, we mapped the water clearance (K I ) of the brain as an index of cerebral blood flow (CBF) and the apparent vascular distribution of nonextracted H2150 (V.J The latter map repre sented mainly the cerebral arterial and arteriolar volume. We also preparert subtraction maps (/:J.XI' Il V,,) of the response to vibrotactile stimulation of the fingertips of the right hand of six normal volunteers. Using magnetic resonance (MR) images of
all subjects, the data were rendered into Talairach' s stereotaxic coordinates and the averaged subtraction images (activation minus baseline) merged with the corresponding averaged MRI image. The ilK I map revealed the expected response in the primary sensory hand area; the Il Vo response was located about 13 mm more anteriorly, close to the central fissure, most likely reflecting changes of the arteries feeding the primary sensory hand area. We conclude that cerebral perfusion and cerebro vascular responses to vibrotactile stimulation may occur in dis parate locations that can be identified separately by using the two-compartment method. Key Words: Positron emission to mography-CBF-KI-Activation study-Vascular volume.
H2
1 5 0 radioactivity is not taken into account. We there fore introduced a two-compartment model that gives a better description of the kinetics of water transit through cerebral tissue. This model accounts for vascular radio activity and, in addition to the cerebral water clearance (K]), permits the imaging of the apparent vascular dis tribution volume (V o ) of the tracer, which is limited mainly to the arterial and arteriolar vascular tree (Ohta et aI., 1996) . The measurement of regional CBF changes, most fre quently using Kety's one-compartment model, is the ba sis of most blood flow activation studies presently being performed in a variety of fields such as physiology (Grafton et a!. , 1991; Zeki et al. . 1991; Tempel and Perlmutter, 1992) , cognitive neuroscience (Petersen et a!., 1988; Cameron et a!. , 1990; Posner, J 993; Silbers weig et a!., 1993) , or psychiatry (Dolan et aI. , 1992; . The primary interest in most of these studies is not in the magnitude of the blood flow change per se but rather in the location where this change occurs.
Although the observed blood flow or tissue perfusion changes are thought to reflect variations in neuronal syn-aptic activity (Roland et aI., 1982) and, therefore, allow the identification of groups of neurons that are activated during a particular physiological or cognitive process, regional vascular changes (blood volume changes) may occur that reflect the hemodynamic adaptation of the cerebrovascular system to the redistribution of local en ergy demands. The locations where these vascular re sponses occur might well differ from the sites of perfu sional changes, and the understanding of the exact nature and complexity of these responses is therefore essential to the correct interpretation of blood flow activation studies.
The parameters of water uptake identified by the two compartment method include the clearance, K1, and the apparent vascular distribution, Vo' The clearance is an index of the perfusion of the tissue because it depends primarily on the blood flow. The present experiment was designed to identify separately foci of perfusional and vascular responses to unilateral vibrotactile stimulation of the fingertips. The two-compartment method is com putationally sufficiently robust and efficient to generate a cerebral perfusion map (K1 map) as well as a map of the vascular distribution of the tracer (Vo map), which forms a part of the cerebral vascular volume, from a single PET study. With a one-compartment method, the two re sponses are confounded and are not separately distin guishable (in the present paper, we denoted this con founded blood flow value calculated with Kety's one compartment method by the symbol F'). Finally, because both the perfusion and the vascular responses are ob tained in the same PET study (same tracer injection), the method does not suffer from artefacts related to changes in equipment, movement of the subject, or changes of physiological state.
The simultaneous estimation of parameters affects the precision with which each can be determined. This par ticularly affects the estimates of Vo; however, the mag nitudes and changes of Vo recorded in this study were subjected to rigorous statistical evaluation, including sta tistical analysis of the significance of the peaks of changes in Vo' In no instance was there reasonable doubt of the presence or absence of a change in Vo'
METHODS

H2 15 0 PET study
Six healthy right-handed volunteers were selected for this study after completion of a questionnaire that ruled out any apparent neurological deficits. Informed consent was obtained from each participant, and the protocol had been approved by the Research Ethics Committee of the Montreal Neurological Institute and Hospital.
The subjects were positioned in the tomograph with their heads immobilized by means of a customized foam headrest (Evans et aI., 1988) . A short in-dwelling catheter was placed in the left radial artery for blood sampling.
The tracer H2 1S 0 was prepared with a Japanese Steel Works Medical Cyclotron (BC-I 07). The PET studies were performed on the Scanditronix PC-2048 15B, an 8-ring, IS-slice bismuth J Cereb Blood Flow Metab, Vol. 17, No.1, 1997 germanate (BGO) head tomograph with a transverse resolution of 5.8 to 6.4 mm and an axial resolution of 6. 1 to 7.1 mm full-width at half maximum (FWHM). Its count rate efficiency was 9.7 Kcps!(f1-Ci· ml-1) for the direct and 13.7 Kcps! (f1-Ci . ml-1 ) for the cross slices (Evans et aI., 1991) . Recon struction software included corrections for random and scat tered events, detector efficiency variations, and dead time. An orbiting rod transmission source containing about 5 mCi of 68Ge was used for attenuation correction. For image-averaging purposes, a 20-mm FWHM Hanning filter was used during image reconstruction.
About 40 mCi of H2 15 0 were injected as a bolus into the antecubital vein of the right arm. Arterial blood sampling and dynamic imaging began at injection time. Dynamic scans with frame durations of 12 x 5 s, 6 x lOs, and 3 x 20 s were obtained over 3 min and corrected for decay according to the method of Raichle et al. (1983) . Arterial blood samples were collected manually at about 5-s intervals and assayed in a well counter, which was calibrated with respect to the tomograph. The delay in tracer arrival between the brain and the peripheral sampling site was corrected according to the global-fitting method of Iida et al. (1988) . For dispersion correction, a time constant of 4 s was assumed (Iida et aI., 1986; Meyer, 1989) . The two compartment model of Ohta et al. (1996) , which accounts for intravascular radioactivity, was used for the generation of re gional K 1 maps as opposed to F' maps based on Kety's one compartment model. The two-compartment model at the same time provided regional maps of Vo' the initial distribution vol ume of the tracer. From the functional PET data volume, axial, sagittal, and coronal views were generated by three dimensional (3-D) compositing and reformatting.
Vibrotactile stimulation was performed with a mechanical vibrator (Model 91, Daito, Osaka, Japan) fixed to the five fin gertips of the right hand and held in place with tape to maintain a uniform pressure throughout the stimulation period. A vibra tion frequency of 110 Hz was chosen, and the vibrator was intermittently turned on and off at I-s intervals (I s on, I s oft) to avoid adaptation (Applegate et aI., 1988) . The nominal vi bration amplitude was 2 mm. The subjects were asked to focus their attention on the vibrotactile stimulus to maximize the change in CBF. which is known to be reduced by distraction (Meyer et aI., 199 1) . Vibrotactile stimulation was initiated 30 s before the start of PET scanning and blood sampling and was continued throughout the 3-min scanning period.
All subjects also underwent a magnetic resonance imaging (MRI) examination on a Philips Gyroscan, 1.5 Tesla supercon ducting magnet system. The MRI data volume consisted of 64 contiguous slices of 2-mm thickness.
Data analysis
For analysis, each PET image dataset was first co-registered with its corresponding MRI image volume using a 3-D land mark-matching algorithm (Evans et al.. 1989, 199 1) . The para metric images, calculated from the raw PET activity data, were projected into Talairach's stereotaxic coordinate space (Talai rach and Tournoux, 1988) using the MRI volume for identifi cation of the bicommissural plane (Evans et aI., 1992) . For each subject, subtraction images were obtained by subtracting base line PET images from activation PET images after normaliza tion of each scan with respect to its mean whole-brain value. Those subtraction images were then averaged across all sub jects and analyzed according to the method of Worsley et al. (1992) . This analysis yielded a mean percentage change image of the parameters under investigation (K 1 and Vol (for the pur pose of comparison, subtraction images for F' were generated as well). From that, a t statistic image was calculated by dividing the average change image by the average (pooled) standard deviation across voxels to allow identification of significant peaks in the subtraction image. Merging of the t statistic image with the mean stereotaxic MRI image yielded the activation peaks superimposed on the anatomical regions. Use of the mean MRI image, which is blurred by residual anatomical vari ability among subjects after stereotaxic transformation, pro vides a truer measure of the extent of compatibility of the individual subject's neuroanatomy than simple use of the ide alized Talairach template. For a directed search in the cortex of the left postcentral gyrus which, in Talairach space, occupies approximately 24 cm', activation peaks for the K J and Vo sub traction images were considered statistically significant at p < 0.05 for t > 3.3 (Worsley et aI., 1992) . The stereotaxic coordi nates of the significant K J , V O , and F' peaks were determined from both the averaged subtraction images and individual sub traction images. The latter was possible because of the strong primary sensory stimulus used in this experiment, which elic ited K J , Vo and F' responses above the noise level of individual subtraction images.
CT angiogram
To compare the appearance of the Vo maps with the ana tomical location of major arteries, or groupings of smaller ar teries, finely reconstructed CT images with a I.S-mm slice thickness were taken from a single cadaver brain and compos ited into a 3-D angiogram. These images were obtained from postmortem scans in which the blood had been replaced with contrast agent (20% BaS04 and 80% latex). The CT images were also transformed into stereotaxic space by identifying a series of landmarks in both angiogram and the average MRI volume so they could be compared with the PET and MRI images. Figure Fig. 2 further suggests that the vascular change (�Va) is located slightly more ante riorly and laterally than the perfusion change (�KI)' The regional blood flow change derived from the one compartment method (�F') resulted in the most signifi cant peak ([ = 6.9). Its location was almost identical to that of the �KI focus but, as expected, slightly displaced toward the � Vo focus.
RESULTS
These observations are further confirmed in Tables 1  and 2 . Table I gives the individual Talairach coordinates of the three foci for each of the six cases studied. Table  2 shows the distance (in Talairach coordinates) between the three activation foci. Paired Student's [ tests, per formed separately between the X-, y-, and z coordinates of the �KI and � Vo foci, revealed a significant difference in the y coordinate (t = 3.86, df = 5, p < 0. 02) but none for the other two (p > 0.1). In addition, a Hotelling's [ 2 test for a difference in all three dimensions proved to be just significant ([ 2 = 27. 8, df = 3, 3 and 0.05 < p < 0.1), indicating a significant spatial separation between these two foci. The coordinate difference between the �KI and �F' foci, on the other hand, was not statistically signifi cant. 
DISCUSSION
The two major findings described in this paper are (1) the observation that the known CBF or tissue perfusion response (KI ) to vibrotactile stimulation of the fingertips is accompanied by a vascular response (Vo) mainly rep resenting arteries, arterioles, and part of the capillary bed and (2) the suggestion that the locations of these two associated responses are different; that is, the stereotaxic coordinates of the D.KI peak are significantly different from those of the D. Vo peak.
The two-compartment method used here was de scribed in a previous paper (Ohta et aI., 1996) . The prop erties of this model that allow us to determine si- 0, 4.6, 51 .2 (±SD) (5.1), (7.3), (6.2) (9.3), (5.6), (4.0) (7.7), (9.8), (2.9) multaneously the tissue perfusion (K 1 ) and initial distri bution volume of the tracer (Vo) make the method par ticularly suitable for the investigation of the vascular contribution.
Because the apparent vascular distribution, Vo' is the important additional parameter derived from our model, we were particularly interested in identifying its proper ties. One may think of Vo in terms of the fraction of tracer that passes through the vasculature of a given tis sue element without being extracted. This fraction there fore preserves its arterial concentration, Ca(t). For a tracer like C 150 with a vanishingly small extraction frac tion, Vo reflects the entire vascular volume (CBY). On the other hand, for a tracer with a relatively large first pass extraction fraction, such as H2 1 S0 (Eo -0.95), Vo is confined mainly to arteries, arterioles, and a small frac tion of the capillary bed (Fujita et aI., 1993 ). This con clusion finds strong qualitative support from the com parison of the postmortem computed tomography (CT) scan with contrast infusion and the averaged Va baseline maps (Fig. I) . It should be noted that the CT scan is from a single cadaver, whereas the PET maps are averages from six normal subjects and are reconstructed with a relatively flat filter to account for residual intersubject variability after transformation into Talairach's stereo taxic space. Nevertheless, with this difference in spatial resolution in mind, the similarity between the two imag ing modalities is striking. This comparison strongly sug- I1K\ and I1F' peak separation (mm) "
l1y I1z -1.9 -1.9 -8.7 4.5 0.7 -0.6 -1.9 -0.5 -1.9 6.0 0.0 1.6 -2.3 1.5 (3.3) (3.1 ) db 3.3 9.S 3.3 2.0 6.5 13.1 6.3 (4.4) a Differences in Talairach and TOllrnollx (1988) coordinates: I1X = X1e,.;' k -X1�cak and so on. h d = �l1x 2 + I1l + I1z2. Individual maps of the distribution volume are at pres ent still beset with a considerable amount of uncertainty resulting from the strong sensitivity of Vo to tracer dis persion and delay effects. In the present study, tracer dispersion and delay were corrected for in a global man ner; that is, a single fixed dispersion time constant of T = 4 s was used, and individual delay corrections were ap plied to each of the 15 imaging planes using the methods of Iida et al. d986, 1988) . More regionalized methods for these two corrections are required to obtain reliable quantitative Vo maps. Based on the evidence discussed above, the averaged Vo maps used in this study faithfully reflect the transmitted tracer fraction. As a consequence, the introduction of Vo in the model provides a valid means of accounting for intravascular radioactivity.
Therefore, the cerebral water clearance (K 1 ), the other parameter provided by the model, is a more accurate index of tissue perfusion than the cerebral blood flow values (F') obtained with the traditional one-com partment model.
We used the two-compartment model to analyze data from a blood flow activation PET study with vibrotactile stimulation of the fingertips of the right hand. As ex pected, a strong perfusion response (�Kl) was found in the sensory hand area. Perhaps somewhat more surpris ing, although not completely unexpected, was the obser vation of a significant vascular response (�Vo) in ap proximately the same area. There are two explanations that immediately present themselves. Either the transmit ted tracer fraction, Vo, increases during vibrotactile stimulation, that is Eo decreases or Vo increases because of an increase in the arterial, arteriolar, and part of the capillary volume during the activation phase. The former explanation is difficult to sustain in the presence of the observed increase in water clearance, K 1 , during activa tion. We are therefore left with the suggestion that the observed increase in the initial distribution volume of H 2 15 0 reflects a vascular volume increase in response to vibrotactile stimulation. If we adhere to the general belief that cerebral capillaries may be considered rigid, undis tensible tubes (Mchedlishvili et aI., 1987) , this would mean that the vascular volume change would have to be attributed mainly to the arterioles and feeding arteries or
to an increase in capillary density, a variable determined by Gjedde et al. (1990) and corroborated by Kuwabara et al. (1992) , who showed a parallel increase of capillary density and cerebral blood flow during vibrotactile stimulation. Recent reports by Atkinson et al. (1990) and Duelli and Kuschinsky (1993) suggest that cerebral cap illaries may in fact be distensible and that part of the observed volume increase may be the result of an in crease in capillary volume in proximity to the activated brain region. The increase of Vo during vibrotactile stimulation most likely is due to a combination of the above mechanisms.
The study also identified disparate locations of the tissue perfusion response (�Kl) and the vascular re sponse (�Vo). On visual inspection (Fig. 2) , the �Kl peak is located clearly in the postcentral gyrus, whereas the � Vo peak appears more anteriorly and laterally, pos sibly coinciding with the central sulcus. Quantitatively (see Table 2 ), the difference between the y components (anterior-posterior) of the stereotaxic coordinates of the two peaks was statistically significant (13 mm) and so was the difference in all three dimensions d �X 2 + �l + �Z 2 = 18 mm) (see Results). The figures from individual subtraction images for each of the six subjects demonstrate the same trend ( Table 1) . Because the Kl and the Vo maps were obtained simultaneously from single PET scans, patient movement or other meth odological artefacts can be ruled out. Therefore, we judge the observed difference in peak location to be real.
A possible explanation for this observation might be as follows. The tracer, H2 15 0, is transferred by the blood stream via the internal carotid and middle cerebral artery from the heart to the site of activation (i.e., the site of increased tissue perfusion), and the � Vo peak reflects a response of the arterial vascular bed located closer to the heart than the t1K] peak. In other words, the changes of t1 Vo may arise before the capillary branching of the ar tery and arterioles that supply the activated area.
It is important to realize that the two responses ob served with the two-compartment method are con founded with the traditional one-compartment approach, which may result in a blurring of the observed peaks, depending on the spatial separation of the perfusion and vascular responses. A one-compartment analysis of the present study yielded a single strong focus (t1F') repre senting both perfusion (K]) and vascular (VJ responses.
It was therefore located in the space between the vascular and perfusion foci, obtained with the two-compartment method, in close proximity of the latter focus, reflecting the difference in magnitude of the two responses (t K , 
